We are working in the development of a compact, low power water recycling device that can supply delicious drinking water which can be consumed safely and with peace of mind in order to help astronauts lead a healthy and comfortable life in space. This device uses electrolysis to decompose ammonia and organic matter, purifies the water using a reverse osmosis membrane, adds minerals to the water, and then sterilizes the water, thereby maintaining water quality. An online system for measuring TOC and harmful substances is also used to manage the water quality.
Introduction
With 70% of its surface covered by water, the Earth is said to be a planet of water, but a mere 0.007% of the planet's water is drinkable. According to NASA, an astronaut living on the International Space Station (ISS) requires approximately 7 kg of water per day. This includes 2 L of drinking water as well as sanitary fresh water for washing, gargling, etc. This water is carried from the earth, so there is a large amount of cost involved in transporting the water. Accordingly, water becomes a valuable commodity in space, and there are limits to how much can be used for activities such as brushing teeth, washing hair, and washing clothes. The lifestyle of an astronaut cannot be said to be a particularly healthy one.
On the ISS, work has begun to install the Japanese Experiment Module (JEM), and the schedule has been set for the long-term stay of Japanese astronauts on the space station. NASA's "SSP50005" international space station flight crew integration standard includes the following design requirements for safety technology related to the health management of space station crew members.
(1) Requirements related to drinking water quality. (2) Requirements related to the detection of harmful substances, and the detection and processing of organic matter in supplied water. The issue of ensuring safe drinking water is indeed a very important one.
JAXA has experience in the research of water recycling systems. Today, utilizing knowledge learned through experiences living on the space station and space shuttles, and taking advantage of the development of new materials for device construction, it is possible to construct a new water recycling system. Therefore, JAXA and New Medican Tech Corporation (NMT) have created a system for collaborative development. Based on the technologies of both companies, we are proceeding through the following steps of research and development to develop the next generation of water recycling devices in order to contribute to safe, comfortable, and healthy daily life for astronauts in space.
(1) Clarification of the problems related to drinking water in space.
(2) Examination of designs for drinking water production devices and harmful substance detection sensors for use in space, and examination of technologies for removing ammonia content, which becomes a problem when recycling urine. (3) Test production and evaluation of drinking water production devices and harmful substance detection sensors for use in space, with the goal of achieving a TOC (Total Organic Carbon) concentration less than 0.5 mg/L for drinking water, the NASA water quality standard. (4) Test production and evaluation of a breadboard model for use in space, with the goal of achieving low-power operation of approximately several hundred watts.
The Current Status of Drinking Water for use in Space
Based on NASA documentation and information from a person in charge of ECLSS (Environmental Control and Life Support System) development for NASA, we have summarized the current status and problem points of drinking water on the space station. Table 1 shows the water quality standards for drinking water in space set by NASA and Russia. Representative tap water standards for Japan are also provided for reference. One notable aspect of these water quality standards is that NASA has the strictest standards for TOC, which indicates the concentration of organic matter in the water. TOC is determined by measuring the amount of carbon in organic matter contained in the water, and is one index of water contamination.
Water quality standards for drinking water in space
One item covered by these water quality standards is ammonia nitrogen. This is because in space, urine is purified, so the standard is defined for the amount of residual ammonia from the urine. Iodine and silver are substances that are used to disinfect drinking water, and there are differences in the standards due to the fact that NASA uses iodine to disinfect drinking water, while Russia uses silver. The Russian standard for iodine is lower than that of NASA because water containing a large amount of iodine can damage the water recycling equipment made in Russia, so iodine is eliminated from the water. 2.2. The current status of efforts to ensure drinking water on the ISS, and related problem points Table 2 shows the current status of efforts to ensure drinking water on the ISS, and related problem points. It costs money to transport new supplies of water from the earth, approximately ¥300,000 to ¥400,000 per cup.
Currently, the only water available for the astronauts to drink is Russian water, or generated water from space shuttle fuel cells. However, the Russian water has a high concentration of organic matter, and the space shuttle water is pure water, so in terms of the health of the astronauts, neither is particularly well suited for long-term use as drinking water.
The current status and issues with NASA water recycling equipment
Equipment is currently being developed that combines vapor compression distillation, in which urine is evaporated and the water vapor condensed to form distilled water, and membrane processing to recycle domestic wastewater. This system will be used to recycle urine and domestic wastewater in preparation for an increase in the number of people staying on the ISS, and is scheduled to be taken to the ISS in 2008 4) . With the NASA method, there is the problem of ammonia components remaining in the water. There is also a high level of electric power consumption, at approximately 1 KW. Furthermore, there are many parts that require periodic replacement, such as membrane The water contains ammonia components. High level of power consumption (1 to 3 KW). Numerous parts requiring periodic replacement. Iodine disinfection is used, so there are concerns about effects on health.
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cartridges and ion exchange resin, so the system will require 26 hours of maintenance per year. Iodine disinfection is used to control water quality, but there is concern that the excess consumption of iodine could lead to thyroid gland damage, or a decrease in the immunity of internal organs.
Comments from astronauts
The following comments were received from an astronaut who has flown on the space shuttle and the one of another astronaut.
(1) The pure water used as drinking water on the space shuttle contains a small amount of iodine for disinfection. Although taste varies with the individual, this astronaut did not find the water to be particularly poor tasting. (2) This astronaut has never drunk water from the ISS. (3) There are no showers on the ISS or in the space shuttles. The astronauts wipe their bodies with towels moistened with warm water. For tooth brushing, the mouth is rinsed with less water than one would use on Earth. Although this astronaut did not feel particularly inconvenienced, the amount of water stored in the ISS is an important factor in operational planning for the astronauts to safely complete their mission, so the wasting of water on the ISS must be avoided. (4) Although this is not something that all of the NASA astronauts are strongly requesting, this astronaut as an individual feels that if water could be used in a more regular way (on the space shuttle as well as) on the ISS, it would be possible to use showers, etc., making life in space more comfortable. (5) Water is indispensable to the daily life of the astronauts as well as for use in the cooling, etc., of computers, etc. With the ISS, wastewater is discarded into transportation ships, but for long missions such as a flight to Mars, a system of complete water recycling is needed. Technology for safely reusing water without wasting even one drop will make it possible to reduce the amount of water that must be stored on spaceships and space stations, and also reduce the amount that must be transported from the earth. Overall, this is an important technology for reducing the size of the systems needed for humans to live in space. (6) The JAXA water recovery system is important fundamental technology for missions to the moon and to Mars, and is another area in which Japan will be contributing to manned space development. (7) The functionality of water recycling systems has been verified on the ISS, so hopefully opportunities for experimentation on the ISS will be utilized to help create an even better system. (8) This astronaut believes that technologies developed in Japan can contribute to the world, and has great expectations for these technologies.
Determination of Equipment Specifications, and Design Study

Equipment specifications
The goal of this development is to achieve a water purifying system based on reverse osmosis (RO) membranes that can perform the following functions. Preprocessing that decomposes ammonia and organic matter contained in urine. Post-processing that adds minerals and sterilizes the water. Water quality monitoring that installs online TOC and harmful substances measurement devices.
The target specifications for this system are:
Size: Capable of fitting in one space station rack. Low power consumption (120 V DC, 500 W) Processing capacity: 200 L /day (urine + wastewater) Weight: 500 kg or less TOC: 0.5 ppm or less Rate of Recovery: 40% or higher 
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The RO membrane is an ultra-low-pressure type membrane with a 0.0001 micron (0.1 nanometer) pore size and an operating pressure of 0.4 to 0.6 MPa. Table 3 shows the performance of the reverse osmosis membrane, compared with a membrane from another manufacturer.
During processing with the RO membrane, nearly all of the minerals contained in the purified water are removed, resulting in water that is near the quality of pure water, so minerals consisting of natural components are added.
Sailors on sea voyages use water distilled from sea water as drinking water and water for daily life while at sea. Table  4 shows the results of a study of the effects of drinking distilled water on the human body.
These results also indicate that the long-term consumption of pure water (distilled water) is undesirable.
Ammonia dissociation method
In order to effectively utilize wastewater in space, it is necessary to recycle urine. Still, even though astronauts may understand the theory behind the production of safe drinking water using water recycling technologies, studies have shown that there is still a high degree of resistance to the idea of drinking someone else's urine. In particular, astronauts may be quite adverse to the idea of drinking something that may contain the bacteria and hormones found in urine.
A study of the components of urine shows that urine contains ammonium ions (NH 4 + ) at a ratio of approximately 1,000 ppm 5) . Ammonia (ammonium ions) can be removed by a reverse osmosis membrane, but in an alkaline aqueous solution, the ammonia becomes ammonia gas and dissolves, and this gas can easily pass through a reverse osmosis membrane. Therefore, a process for decomposing the ammonia is required.
In regard to techniques for removing the ammonia content of urine, past research has studied methods such as vapor compression and membrane distillation, but these methods have involved problems such as a high level of power consumption and ammonia gas contaminating the water. Therefore, in this research and development project, we examined the direct dissociation of the ammonia.
The methods available for removing ammonia are (1) hypochlorous acid dissociation processing, (2) ozone processing, and (3) ammonia stripping using steam. However, method (2) generates a large amount of carcinogen precursors such as formaldehyde and endocrine disruptors as byproducts of the sterilization process, and the removal of these substances requires the use of activated charcoal. A large amount of electric power is also required for the ozone generating equipment. For method (3), the product produces ammonia gas, and electric power is needed to produce the steam. Method (1) is basically the type of technology used for ammonia processing at drinking water treatment plants in Japan. For this research and development project, we studied the hypochlorous acid dissociation process.
TOC measurement method
Generally, the principles applied to the measurement of TOC are the combustion oxidation method (dry method) and UV(Ultraviolet rays) oxidation method (wet method). With the combustion oxidation method, oxygen is fed into a TC (Total Carbon) combustion tube filled with platinum catalyst to completely combust and oxidize the test material. The carbon dioxide formed by the combustion is then detected by an infrared gas analyzer (NDIR). No oxidizing reagent is used, so there is no need for preprocessing or post-processing, and thus the method is advantageous in terms of operability. However, both energy and oxygen are required to run the sample at a temperature of approximately 700ºC.
With the ultraviolet oxidation method, the sample is oxidized in a TC reaction tube by oxidizing reagent (sodium peroxodisulfate, etc.), UV irradiation, or heat. The carbon dioxide formed by the oxidation is then detected by an infrared gas analyzer (NDIR). Both methods require heating and some time before measurement can be made, making it difficult to apply these methods for the real-time measurement standard that NASA wants. Therefore, the following measurement methods were studied.
(1) Photocatalyst + UV + Electrical conductivity (2) Potassium peroxodisulfate + UV + Electrical conductivity (3) Ozone + UV + Electoral conductivity (4) Hydrogen peroxide (H 2 O 2 ) + UV + Electrical conductivity
Results & Discussion
Ammonia dissociation test
Ammonium chloride and sodium chloride were used to prepare an evaluation solution (raw water) containing 1,000 ppm ammonium ions (NH 4 + ) and 7,000 ppm chlorine ions (Cl -). An electrolysis cell was prepared using an iridium electrode for the positive electrode and a platinum electrode for the negative electrode. The volume of raw water used was 1.5 L, and the electrolysis area was 100 cm 2 . Fig. 1 shows the results of the electrolysis test. The load to the electrodes was 2.1 V DC, 2A. It was verified When this water is used for bathing, the skin feels sticky or slimy, and the skin becomes rough.
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Ph_84 that 20 minutes after the start of electrolysis, approximately 32% of the ammonium ions had been removed, but no further decrease in ammonium ion concentration was seen with longer electrolysis time. The reason for this is that with the electrolysis cell prepared for this test, as the electrolysis progresses, the pH of the raw water (mock urine) shifts to the acid side, resulting in poor ammonium ion dissociation efficiency. With this type of electrolysis, the ammonia component of urine is broken down in the same way using the chlorine ions contained in the urine, and when the pH of the solution becomes acidic, the chlorine ions become chlorine gas and escape. The amount of dissolved chlorine ions decreases, so dissociation efficiency also decreases.
Later, tests were conducted using an improved electrolysis cell. As shown in Fig. 3 , the level of ammonium ions reached zero approximately 70 minutes after the start of electrolysis. In this test, the pH of the raw water was controlled at a suitable level, so the hypochlorous acid ions that disassociate the ammonium ions remained present continuously.
In this test, two pairs of electrodes were used in combination to prepare the electrolysis cell, so the electric power supply to the cell was 5.4 V DC, 10A x 2. The amount of raw water used in this test was 1.5 L, the same as used in the first test. Fig. 3 . Ammonia dissociation ratio using the improved electrolysis cell.
Organic matter disassociation test
Wastewater from daily use in space contains organic components, so a test of organic matter disassociation was conducted. The NASA drinking water quality standards require an organic matter content (TOC) of 0.5 ppm or less, so it is important to perform preprocessing to dissociate the TOC components in order to reduce the load on the reverse osmosis membrane.
For the dissociation method, we considered using the same electrolysis cell used for ammonia dissociation in order to simplify the cleaning system. As a preliminary test, we tested whether humic materials, known to be a TOC component that is difficult to dissociate, could be dissociated with the addition of sodium hypochlorite solution. The concentration of free chlorine was measured immediately after and 24 hours after the addition of the sodium hypochlorite solution.
The test sample used was groundwater, which is rich in the humic materials we were attempting to dissociate. Table 5 shows the amount of hypochlorous acid that was added and the amount of dissociation expressed as chromaticity, and Fig.  4 shows a photograph of the test samples. These results verify that as the amount of hypochlorous acid increases, more humic material is dissociated and more decoloration occurs. Based on the results of the preliminary test, we conducted a test to generate hypochlorous acid by electrolysis to promote the dissociation of humic materials. As with the preliminary test, the water tested for dissociation was groundwater rich in humic materials. Five platinum electrode plates were placed in the electrolysis cell. The plates were 140 mm long and 50 mm high. 2 L of the water being tested was placed in the electrolysis cell and a stirrer was used to stir the water while the cell was charged for 9.5 hours at a constant current of 3A. The voltage used at this time was 8.86 V. The test setup is shown in Fig. 5 . At the start of electrolysis, many bubbles formed in the water surface and a high layer of foam formed, but the cell did not overflow and the foam disappeared during the latter part of the test. As can be seen in Fig. 6 , the humic materials in the water processed by this electrolysis were clearly dissociated, and decoloration occurred. 
Conclusion
In this study, we have examined the removal of ammonia, a fundamental element of the device being developed. It was found that with electrolysis, an ammonia component of 1,000 ppm (equivalent to that of urine) could be reduced to zero in 70 minutes. We anticipate that dissociation efficiency can be further increased and electric power consumption decreased through measures such as decreasing the distance between electrodes, increasing the electrode surface area, and reducing the resistivity of the wiring and electrical contacts. It was also verified that the electrolysis cell used to remove ammonia could also be used for TOC removal, making it possible to simplify the system.
For the TOC measurement method, we studied the four methods described in section 3.3. We selected potassium peroxodisulfate + UV + electrical conductivity, and by working to improve the structure of the sensor unit, we are proceeding with the design of a device that will be able to perform the continuous measurement of TOC.
